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We  report  our  observation  and  investigation  of  a  magneto-optical-trap-  (MOT)-based  low-velocity  Cs  atomic 
beam  for  atomic  clock  applications.  We  generated  a  continuous  Cs  atomic  beam  from  a  vapor-cell  MOT  of  Cs 
atoms  by  forming  a  leak  tunnel  along  one  of  the  trapping  laser  beams.  The  mean  velocity  of  the  cold  Cs  beam 
is  measured  by  the  time-of-flight  technique  to  be  7.3  m/s  with  a  velocity  spread  of  1  m/s  under  nominal  experi¬ 
mental  conditions.  By  adjusting  the  MOT  parameters,  we  are  able  to  tune  the  Cs  beam  velocity  from  5  to  8.5 
m/s  while  the  velocity  spread  remains  at  1  m/s.  The  Cs  beam  has  an  instantaneous  atomic  flux  of  3.6 
X  10^®  atoms/s  when  operated  in  pulsed  mode  and  an  estimated  continuous  beam  flux  of  2  X  10®  atoms/s. 
The  acceleration  kinetics  of  the  Cs  beam  in  the  acceleration  region  is  analyzed  and  simulated.  Our  theoretical 
model  reveals  that  the  MOT  inhomogeneous  magnetic  field  and  the  varying  Doppler  shift  along  the  atomic 
beam  propagation  play  an  important  role  in  the  determination  of  the  final  velocity  of  the  Cs  atomic  beam. 
Our  numerical  results  of  the  atomic  beam  velocity  on  MOT  parameters  agree  well  with  the  measurements. 
©  2003  Optical  Society  of  America 
OCIS  codes:  140.3320,  020.7010 


1.  INTRODUCTION 

Laser-cooled  low-velocity  (u  10  m/s)  atomic  beams  are 
important  in  the  development  of  space-qualified,  compact, 
and  highly  stable  atomic  clocks  because  the  microgravity 
conditions  in  space  do  not  support  use  of  atomic 
fountains.^"®  For  example,  when  a  beam  of  Cs  atoms  is 
used  at  a  velocity  of  10  m/s,  the  clock  interrogation  time 
could  be  increased  by  approximately  15-25  times  com¬ 
pared  with  the  commercial  Cs  beam  atomic  clocks  operat¬ 
ing  at  thermal  beam  velocities  of  —150-250  m/s.®  With 
the  laser  cooling  and  trapping  technique,  one  can  gener¬ 
ate  a  cold  atomic  beam  by  directly  laser  decelerating  a 
thermal  atomic  beam  or  by  laser  accelerating  an  en¬ 
semble  of  ultracold  (T  <  1  mK)  atoms  firom  a  laser-cooled 
atomic  trap.  The  former  usually  requires  a  spatial  dis¬ 
tance  of  ~1  m  to  cool  a  beam  of  alkali  atoms  to  the  ex¬ 
pected  velocities,®*’^’®  which  defines  the  dimensions  of  the 
instrument.  However,  the  latter  technique  has  the 
unique  advantage  of  generating  a  useful  low-velocity 
atomic  beam  just  outside  the  volume  of  an  atomic  trap,  for 
example,  a  vapor-cell  magneto-optical  trap  (MOT),  and 
hence  greatly  improves  the  system  compactness.  MOT- 
based  low-velocity  Rb  and  Cs  atomic  beams  have  recently 
been  reported.®" The  basic  idea  of  this  method  is  to  in¬ 
troduce  a  controlled  leak  to  a  MOT  by  a  modification  of 
the  trapping  potential  so  that  the  MOT  functions  like  a 
cold  atom  funnel,  with  which  thermal  atoms  are  captured, 
cooled,  and  then  pushed  out  to  form  an  atomic  beam.  Be¬ 
cause  the  atomic  beam  thus  formed  originates  from  an  en¬ 
semble  of  cold  atoms  at  ~100  pK,  one  can  obtain  low 
beam  velocities  by  controlling  the  laser  acceleration  pro¬ 
cess.  Two  techniques  have  been  reported  for  the  imple¬ 
mentation  of  such  a  low-velocity  atomic  beam.  Lu  et  al? 
use  a  specially  fabricated  mirror  with  a  small  hole  at  the 


center  to  form  a  hollowed  retrorefiected  trapping  beam  in 
a  Rb  MOT.  Rb  atoms  are  then  pushed  out  of  the  MOT  by 
the  trapping  laser  beam  propagating  toward  the  mirror 
and  travel  through  the  hole  to  become  a  Rb  atomic  beam. 
The  one  laser  beam  conical  or  p3n*amidal  mirror  MOT  con¬ 
figuration  has  also  been  adapted  to  generate  cold  Rb  and 
Cs  atomic  beams  based  on  the  same  idea.^®"^^  If  a  small 
hole  is  fabricated  at  the  apex  of  the  pyramid  or  conical 
mirror,  cold  atoms  trapped  in  the  one-beam  MOT  can  leak 
out  through  the  hole  to  form  an  atomic  beam.  The  ad¬ 
vantage  of  this  method  is  system  simplicity  because  only 
one  cooling  amd  trapping  laser  beam  is  needed  for  the 
MOT.^  However,  the  atomic  beam  generated  by  the  one- 
beam  MOT  configuration  is  under  constant  acceleration 
even  after  the  atoms  have  left  the  MOT  region.  This  is 
because  the  trapping  laser  beam  and  the  optical  repump¬ 
ing  laser  beam  for  the  one-beam  MOT  cannot  be  sepa¬ 
rated,  and  the  atomic  beam  copropagates  and  interacts 
with  both  of  them  through  the  hole  in  the  pyramid  or 
conical  mirror.  For  the  above  two  methods,  specially  fab¬ 
ricated  optical  mirrors  are  required  and  have  to  be  in¬ 
stalled  inside  the  vacuum  chamber,  which  is  loaded  with 
relatively  dense  alkali  metal  vapors. 

In  this  paper  we  report  our  observation  and  investiga¬ 
tion  of  a  low-velocity  Cs  atomic  beam  generated  from  a 
regular  vapor-cell  Cs  MOT.  In  our  system,  no  specially 
fabricated  optics  are  used  inside  the  vacuum  chamber. 
We  separate  the  optical  repumping  laser  beam  from  the 
trapping  laser  beam  that  is  responsible  for  accelerating 
the  cold  Cs  atoms  and  in  fact  use  the  MOT  repumping  la¬ 
ser  beam  to  define  a  controllable  acceleration  region  near 
the  MOT  volume.  In  this  way  the  Cs  beam  travels  at  an 
approximately  uniform  velocity  after  leaving  the  vicinity 
of  the  trap  volume.  In  Section  2  we  report  our  experi- 
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ments  on  the  generation  of  the  MOT-based  Cs  atomic 
beam  and  the  time-of-flight  (TOF)  measurement  of  the  Cs 
beam  velocities.  In  Section  3  we  present  our  nonlinear 
theoretical  model  that  describes  and  simulates  the  accel¬ 
eration  kinetics  of  the  MOT-based  Cs  atomic  beam.  In 
Section  4  we  summarize  our  results  and  briefly  discuss 
the  prospects  for  atomic  clock  applications  using  the  cold 
continuous  Cs  atomic  beam. 


2.  EXPERIMENT  AND  RESULTS 

The  low-velocity  Cs  atomic  beam  is  generated  from  a 
vapor-cell  MOT  of  Cs  atoms.  Briefly,  our  Cs  MOT  traps 
8  X  10*^  atoms  with  a  density  of  8  X  10^®  atoms/cm^  at 
~300  /xK.  The  Cs  trap  has  a  loading  time  constant  of  0.4 
S-  The  MOT  is  accommodated  in  an  ultrahigh  vacuum 
chamber  with  a  background  pressure  of  6  X  10“^®  Torr. 
The  windows  of  the  vacuum  chamber  are  coated  with 
broadband  near-IR  antireflection  coatings.  Two  150-mW 
distributed  Bragg  reflection  diode  lasers  (SDLr5722-Hl) 
at  852  nm  are  used  for  the  cooling  and  trapping  and  the 
optical  repumping.  The  diode  laser  temperature  is  regu¬ 
lated  with  an  ILX  Lightwave  LDT-5910B  temperature 
controller  for  stable  operation  at  852  nm.  The  single¬ 
mode  distributed  Bragg  reflection  laser  has  an  effective 
linewidth  of  ~3  MHz,  and  the  laser  frequency  is  actively 
stabilized  with  a  saturated  absorption  spectrometer  for 
long-term  frequency  stability.  Specifically,  the  trapping 
laser  is  locked  to  the  crossover  saturated  absorption  line 
(125  MHz  below  the  highest  F'  =  5  level)  between  the 
transitions  6^Sy2{F"  =  4)  6^P3/2(F'  =  5)  and 

=  4)  — ^  6^P3/2(F"  =  4).  The  optical  repump¬ 
ing  laser  is  stabilized  to  the  6^Sy2F"  =  3  — > 

-  4  transition.  The  trapping  laser  frequency,  after  it  is 
upshifted  by  100  MHz  with  an  acousto-optical  modulator 
(IntraiAction  ATM-1001A2),  is  25-MHz  red  detuned  from 
the  6^P3y2F'  =  5  hyperfine  level.  We  can  adjust  this  red 
detuning  by  tuning  the  rf  of  the  acousto-optic  modulator 
driver  (IntraAction  VFE-1102A4). 

Figure  1  is  a  two-dimensional  schematic  diagram  that 
shows  the  generation  of  the  Cs  beam  from  the  Cs  MOT. 
We  perturb  the  MOT  trapping  potential  by  making  one  of 
the  six  trapping  laser  beams  into  a  hollowed  laser  beam 
in  the  traveling  direction  of  the  Cs  beam.  We  create  the 
hollowed  trapping  beam  by  blocking  the  center  part  of  the 
well-collimated  laser  beam  with  a  round  opaque  spot  on 
the  surface  of  an  antireflection-coated  glass  disk  located 
outside  the  vacuum  chamber  at  a  distance  of  30  cm  from 
the  Cs  MOT.  The  small  opaque  spot  has  a  diameter  of 
^1  mm  for  a  trapping  laser  beam  cross  section  of  18  mm 
in  diameter.  This  configuration  makes  a  controlled  leak 
tunnel  off  the  atomic  trap  along  the  hollowed  trapping  la¬ 
ser  beam  while  the  MOT  captures  and  cools  the  Cs  atoms 
from  the  surrounding  Cs  vapor.  We  introduce  the  MOT 
optical  repumping  beam  (not  shown  in  Fig.  1  but  shown  in 
Fig.  5)  by  overlapping  it  only  with  the  vertical  trapping 
beams  that  are  perpendicular  to  the  Cs  atomic  beam. 

Once  the  leak  tunnel  is  formed,  the  balance  of  the  force 
that  confines  atoms  in  the  trap  breaks  down,  and  the 
trapped  Cs  atoms  experience  a  net  spontaneous  force 
from  the  acceleration  laser  beam,  that  is,  the  trapping  la¬ 
ser  beam  propagating  in  the  opposite  direction  of  the  hol- 
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tos«r  bvam 


Fig.  1.  Two-dimensional  schematic  diagram  of  the  formation  of 
a  MOT-based  Cs  atomic  beam.  For  clarity,  only  four  MOT  laser 
beams  are  shown.  The  dotted  line  indicates  that  the  glass  disk, 
which  creates  the  hollowed  trapping  beam,  is  located  outside  the 
vacuum  chamber.  The  hollowed  dark  column  has  a  cross  section 
of  si  mm  in  diameter  whereas  the  trapping  laser  beam  is  18  mm 
in  diameter. 


Fig.  2.  Laser-induced  fluorescence  image  of  the  MOT-based  con¬ 
tinuous  Cs  atomic  beam.  The  bright  spot  is  the  trapped  cold  Cs 
atomic  cloud,  and  the  relatively  weaker  narrow  line  is  the  Cs 
atomic  beam  traveling  to  the  right. 

lowed  trapping  beam  as  shown  in  Fig.  1.  The  spontane¬ 
ous  force  (radiation  pressure  force)  can  be  described  by"^ 

hk  Soy/2 

~  1  +  So  +  i2S/yf’ 

where  hk  is  the  photon  momentum,  y  is  the  natural  line- 
width  of  the  atomic  transition,  and  S  is  the  off-resonance 
detuning  of  the  acceleration  laser  (the  trapping  laser). 
Sq  =  I/Ig  stands  for  the  saturation  parameter  where  I 
and  Ig  are  the  acceleration  laser  intensity  and  the  satu¬ 
ration  intensity  for  the  atomic  transition,  respectively.  A 
continuous  Cs  atomic  beam  is  observed  and  imaged  by 
laser-induced  fluorescence  as  shown  in  Fig.  2.  The  bright 
spot  is  the  trapped  Cs  cloud,  and  the  Cs  beam  can  be  seen 
to  the  right  of  the  trap.  This  image  shows  the  Cs  atomic 
beam  formed  from  the  MOT,  and  the  fluorescence  is  in¬ 
duced  by  the  trapping  and  the  optical  repumping  laser 
beams.  Note  that  Fig.  2  is  a  snapshot  of  a  continuous  op¬ 
eration  of  the  MOT-based  Cs  atomic  beam.  To  clearly 
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show  both  the  MOT  cloud  and  the  atomic  beam,  we  con¬ 
trolled  the  MOT  leak  rate  to  be  low  by  using  an  opaque 
spot  of  —0.5  mm  in  diameter,  about  half  of  the  size  of  the 
Cs  trap  volume. 

The  mean  velocity  of  the  MOT-based  Cs  beam  is  mea¬ 
sured  by  the  TOF  method.  To  perform  the  TOF  measure¬ 
ment,  we  operate  the  MOT  beam  system  in  a  semicon- 
tinuous  mode  with  the  trapped  Cs  atomic  cloud  launched 
from  the  MOT  repeatedly  at  a  rate  of  1  Hz.  A  probe  laser 
beam,  focused  to  approximately  1  mm  in  diameter, 
crosses  the  atomic  beam  at  a  distance  of  11  cm  down¬ 
stream  from  the  MOT.  This  probe  beam  is  part  of  the 
MOT  repumping  laser  beam  whose  frequency  is  locked  to 
the  B‘^Sy2F’  =  3  — >  6^P3/2F'  =  4  transition.  As  the 
Cs  atoms  pass  through  the  probe  beam,  laser-induced 
fluorescence  is  recorded  with  a  photomultiplier  tube  in  a 
direction  perpendicular  to  both  the  atomic  beam  and  the 
probe  laser  beam.  Figure  3  demonstrates  a  typical  TOF 
signal  for  the  measurement.  The  horizontal  axis  is  the 
time  the  Cs  atoms  take  to  travel  through  a  distance  of  11 
cm  from  the  MOT  center  to  the  probe  laser  beam.  The  Cs 
atoms  start  leaving  the  MOT  volume  at  ?  =  0.  As  shown 
in  Fig.  3,  this  measurement  records  a  flight  time  of  15.1 
ms,  giving  an  averaged  beam  mean  velocity  of  7.3  m/s  un¬ 
der  typical  experimental  conditions.  Note  that  the  Cs  at¬ 
oms  gain  their  full  speed  only  in  a  short  acceleration  dis¬ 
tance  less  than  10%  of  the  total  flight  path  and  travel 
without  further  acceleration  during  most  of  their  flight 
time.  A  detailed  analysis  and  simulation  of  the  accelera¬ 
tion  process  are  presented  in  Section  3.  The  linewidth 
(FWHM)  of  the  TOF  signal  as  shown  in  Fig.  3  is  2.2  ms, 
indicating  an  atomic  beam  velocity  spread  of  1  m/s.  This 
velocity  spread  is  mainly  due  to  the  initial  spatial  and  mo¬ 
mentum  distribution  of  the  Cs  atoms  in  the  MOT  volume 
(y  —  1  mm^  and  T  —  300  /xK).  Assuming  that  all  the 
8  X  10*^  trapped  Cs  atoms  pass  through  the  probe  laser 
beam  in  2.2  ms,  we  obtain  a  pulsed  beam  flux  of  3.6 
X  10^°  atoms/s.  We  estimate  a  continuous  Cs  beam  flux 
of  2  X  10®  atoms/s  from  the  measured  MOT  loading  rate. 


Fig.  3.  TOF  measurement  of  the  Cs  atomic  beam  velocity. 
Laser-induced  fluorescence  is  recorded  at  11  cm  downstream 
from  the  MOT  when  the  system  is  operated  in  a  semicontinuous 
mode.  The  peak  flight  time  gives  a  mean  beam  velocity  of  7.3 
m/s,  and  the  width  (FWHM)  of  the  signal  indicates  a  velocity 
spread  of  1  m/s. 


MOT  magnetic  field  gradient  (Gauss/cm) 

Fig.  4.  TOF  measurements  of  the  MOT-based  Cs  beam  velocity 
as  a  function  of  the  MOT  magnetic  field  gradient  and  the  accel¬ 
eration  laser  frequency.  The  error  bars  are  1  standard  deviation 
of  the  statistical  uncertainty  of  the  measured  atomic  beam  mean 
velocity. 


Fig.  5.  Schematic  diagram  of  the  acceleration  region  of  the 
MOT-based  Cs  atomic  beam.  The  x  axis  is  the  direction  in  which 
the  Cs  beam  travels.  The  solid  dot  at  jc  =  0,  z  =  0  represents 
the  trapped  Cs  atomic  cloud  before  it  is  pushed  out.  The  MOT 
anti-Helmholtz  coils  generate  an  approximately  constant  mag¬ 
netic  field  gradient  dBldx  along  the  x  axis  in  the  vicinity  of  the 
MOT  center.  The  two  crossed  lines,  labeled  nip  -  -Hi  and  mp 
=  - 1,  represent  the  simplified  atomic  h5q)erfine  levels  shifted  by 
the  Zeeman  effects.  The  vertical  axis  also  stands  for  the  relative 
energy  AF  to  the  atomic  resonance,  and  the  horizontal  dotted 
line  with  AF  <  0  indicates  the  red-detuned  acceleration  laser 
frequency-  Both  the  acceleration  laser  beam  and  the  optical  re¬ 
pumping  laser  beam  are  circularly  polarized.  5  is  the  total  off- 
resonance  detuning  of  the  acceleration  laser. 

Our  experimental  tests  show  that  the  Cs  atomic  beam 
velocity  varies  as  a  function  of  several  MOT  parameters. 
Using  the  TOF  technique,  we  were  able  to  measure  the 
velocity  dependence  on  the  acceleration  laser  frequency 
and  intensity  as  well  as  the  MOT  magnetic  field  gradi¬ 
ents.  Figure  4  shows  the  measured  Cs  beam  velocity  as  a 
function  of  the  MOT  magnetic  field  gradient.  The  four 
sets  of  data  correspond  to  four  different  frequencies  that 
were  set  for  the  acceleration  laser.  Note  that  the  accel¬ 
eration  laser  beam  is  one  of  the  trapping  laser  beams,  and 
its  frequency  is  red  detuned  from  resonance  by  a  few 
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times  the  natural  linewidth  y.  From  the  measurements 
we  found  that  the  Cs  beam  velocity  decreases  as  the  mag¬ 
netic  field  gradient  increases.  This  is  because  the  Zee- 
man  effects  from  the  inhomogeneous  magnetic  field  in¬ 
crease  the  total  off-resonance  detuning  of  the  acceleration 
laser,  resulting  in  a  reduced  spontaneous  force  as  indi¬ 
cated  in  Eq.  (1)  and  as  designated  in  Fig.  5.  Similarly,  a 
larger  red  detuning,  S^ly,  reduces  the  velocity  of  the  Cs 
beam.  Here  -  vi-  vq  is  the  red  detuning  of  the  ac¬ 
celeration  laser,  and  vi  and  Vq  are  the  laser  frequency 
and  the  atomic  resonance  frequency,  respectively.  The 
FWHM  linewidth  y  of  the  relevant  Cs  atomic  transition 
equals  5.18  MHz.  The  error  bars  in  Fig.  4  are  1  standard 
deviation  of  the  statistical  uncertainty  of  the  measured 
atomic  beam  mean  velocity  The  largest  error  bar  in  Fig. 
4  is  0.5  m/s,  approximately  half  of  the  thermal  mean  ve¬ 
locity  spread  (1  m/s)  as  given  by  the  width  of  the  TOF  sig¬ 
nal.  As  can  be  seen  in  Fig.  4,  we  can  tune  the  Cs  atomic 
beam  velocity  to  a  range  of  5-8.5  m/s  with  a  velocity 
spread  of  1  m/s  by  adjusting  the  MOT  parameters.  The 
ability  to  control  the  atomic  beam  velocity  may  be  useful 
for  the  implementation  of  a  highly  stable  atomic  beam  by 
means  of  actively  stabilizing  the  beam  velocity.  In  addi¬ 
tion,  we  also  measured  the  relationship  between  the  Cs 
beam  velocity  and  the  acceleration  laser  intensity  as 
shown  in  Fig.  6(d). 


3.  ANALYSIS 

As  described  above,  the  Cs  atomic  beam  is  generated  from 
an  ultracold  source,  the  Cs  MOT,  where  Cs  atoms  have 
thermal  temperatures  of  ~300  ^tK.  This  ultralow  tem¬ 
perature  corresponds  to  a  thermal  mean  velocity  of  —20 
cm/s  for  Cs  atoms.  In  the  theoretical  model  developed 
below,  we  ignore  the  initial  thermal  velocity  of  the  cold  at¬ 
oms  and  consider  only  the  longitudinal  motion  of  the  Cs 
atomic  beam.  From  Eq.  (I),  the  spontaneous  force  Fgp 
gives  the  Cs  atoms  an  acceleration 

Fgp  ^  hkSoyf2mcf; 

“  ~  ^  “  1  +  So  +  {2S/yf 

Figure  5  schematically  shows  the  region  near  the  MOT 
volume  where  the  Cs  atomic  beam  gains  its  speed.  Here 
only  the  acceleration  laser  beam  and  the  optical  repump¬ 
ing  laser  beam  are  shown. 

The  optical  repumping  laser  beam  propagates  perpen¬ 
dicularly  to  the  acceleration  laser  beam  and  has  a  beam 
diameter  of  20  mm.  For  MOT  operation,  the  optical  re- 
pumping  beam  (its  frequency  is  locked  to  the  6^Si/2 
=  3  — V  F'  =  4  transition)  maintains  a  continuous 

cooling  and  trapping  process  by  optically  pumping  Cs  at¬ 
oms  back  to  the  F"  =  4  state.  Because  the  same  atomic 
transition  schemes  are  used  to  form  the  atomic  beam,  this 
repumping  laser  beam  defines  an  acceleration  region  in 
which  Cs  atoms  absorb  photons  and  are  accelerated.  As 
designated  in  Fig.  5,  this  acceleration  region  has  an  effec¬ 
tive  linear  distance  of  10  mm.  Once  the  Cs  atoms  move 
out  of  this  region  they  are  instantly  pumped  by  the  accel¬ 
eration  laser  into  the  lower  F"  =  3  level  and  no  longer  ab¬ 
sorb  photons,  causing  the  acceleration  process  to  stop. 


The  Cs  beam  then  travels  at  an  approximately  uniform 
velocity  toward  the  probing  laser  beam. 

Because  the  acceleration  laser  beam  is  circularly  polar¬ 
ized  (o''^),  it  interacts  only  with  Cs  atoms  in  the  rrif 
=  +1  level  in  the  acceleration  region.  In  the  vicinity  of 
the  MOT  volume,  the  Zeeman  shift  increases  approxi¬ 
mately  linearly  as  Cs  atoms  move  out  of  the  MOT  volume. 
As  the  Cs  atoms  gain  their  speed,  the  Doppler  shift  also 
adds  to  the  effective  off-resonance  detuning  (the  Cs  beam 
travels  in  the  same  direction  as  the  acceleration  laser 
beam).  We  therefore  obtain  the  total  off-resonance  de¬ 
tuning  for  Eq.  (2): 

^  =  ^0  +  (3) 

Sq  -  Vi  ~  Vq,  -  (dBldx)x, 

Avd^{v/c)vq,  (4) 

where  Sq  is  the  fixed  detuning  of  the  acceleration  laser 
and  =  fiQ  is  the  Bohr  magnetic  constant  for  the  rel¬ 
evant  atomic  transition.  The  magnetic  field  gradient 
dB/dx  is  a  parameter  set  by  the  MOT  coil  current.  Ai^x) 
stands  for  the  Doppler  shift  at  velocity  v,  and  i^o 
=  351725718.50  MHz  is  the  Cs  D2  line  resonance 
frequency. Substituting  Eqs.  (3)  and  (4)  into  Eq.  (2),  we 
obtain 


OqSq 


‘2 

SB 

^0  V 

^0  T 

— X  + 

—  ^ 

.r' 

dx 

c  /, 

(5) 


where  aQ  —  fik  yf2mQ^  is  a  constant  determined  by  the  Cs 
mass  and  the  photon  energy.  Obviously  a  varies  as  the 
Cs  atoms  travel  along  the  x  axis. 

In  a  similar  way,  the  optical  repumping  laser  also  be¬ 
comes  off  resonant  by  S'  =  B^  =  {dBldx)x  be¬ 

cause  of  the  Zeeman  effects  once  the  Cs  atoms  leave  the 
MOT  volume.  However,  Doppler  effects  can  be  ignored 
as  the  repumping  laser  beam  propagates  perpendicularly 
to  the  Cs  atomic  beam.  Therefore  the  optical  repumping 
becomes  less  efficient  as  the  Cs  atoms  travel  in  the  x  di¬ 
rection.  This  effect  is  incorporated  into  the  model  when 
we  multiply  Eq.  (5)  with  a  Lorentzian  function.  When  we 
write  a  =  d^x/d/^  and  i;  =  dx/d/,  Eq.  (5)  becomes 


d^x  clqBq 


d<* 

2  /  fl  dB  Vq  dx\ 

I  +  Sq  + 

-  Sq  --—X  + - 

y\  h  dx  c  dt  I 

X 


a'So 


1  +  + 


(4-*)" 

\y  h  dx  j 


(6) 


where  Sq'  =  /repump is  the  saturation  factor  for  the  op¬ 
tical  repumping  laser  beam  and  a '  is  a  proportional  con¬ 
stant.  This  nonlinear  second-order  differential  equation 
describes  the  kinetics  of  the  Cs  atomic  beam  in  the  accel¬ 
eration  region  shown  in  Fig.  5.  The  initial  values  for  Eq. 
(6)  are  x  =  0  and  dxidt  =  0  at  ^  =  0. 

Equation  (6)  is  solved  numerically  under  the  given  ini¬ 
tial  conditions  by  use  of  the  Mathcad  differential  equation 
solver  (Mathcad  2000  Professional,  MathSoft,  Inc.).  The 
results  are  plotted  in  Fig.  6  and  compared  with  the  mea- 
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Fig.  6.  Theoretical  simulation  of  the  MOT-based  Cs  atomic  beam,  (a)  Presents  the  calculated  Cs  beam  velocity  as  a  function  of  the 
distance  from  the  MOT  in  the  acceleration  region,  (b)  Shows  the  calculated  and  measured  Cs  beam  mean  velocity  as  a  function  of  the 
acceleration  laser  frequency.  Here  the  magnetic  field  gradient  is  5.1  G/cm  and  the  acceleration  laser  intensity  is  2.8  mW/cm^.  (c)  Com> 
pares  the  simulated  Cs  beam  mean  velocity  with  the  measured  values  as  the  MOT  magnetic  field  gradient  increases.  The  acceleration 
laser  has  a  red  detuning  of  =  -4.44 y.  (d)  Shows  the  velocity  dependence  on  the  acceleration  laser  intensity  with  a  MOT  magnetic 
field  gradient  of  4.1  G/cm  and  a  laser  frequency  red  detuning  of  =  -4.44 y. 


surements.  Figure  6(a)  shows  the  calculated  Cs  beam 
velocity  as  a  function  of  x,  the  distance  from  the  MOT. 
The  solid  curve  simulates  an  acceleration  process  under 
typical  experimental  conditions.  At  x  =  10  mm,  where 
the  acceleration  ends,  the  Cs  beam  has  gained  a  velocity 
of  7.4  m/s,  which  agrees  with  the  measurement.  It  takes 
only  2  ms  for  the  Cs  atoms  to  travel  through  the  10-mm 
acceleration  region.  As  the  effective  red  detuning  of  the 
acceleration  laser  increases  along  the  x  axis  because  of 
the  Zeeman  and  Doppler  effects,  the  acceleration  a  re¬ 
duces  to  approximately  20%  of  its  maximum  value  at  x 
=  10  mm.  The  simulation  indicates  a  much  faster  accel¬ 
eration  if  the  Zeeman  and  Doppler  effects  are  not  consid¬ 
ered,  and  the  atoms  could  gain  a  velocity  of  11  m/s  as 
shown  by  the  dashed  curve.  This  apparently  disagrees 
with  the  experiment.  We  obtained  the  dotted  curve  in 
Fig.  6(a)  by  including  the  Zeeman  shift  but  not  the  Dop¬ 
pler  shift,  giving  a  final  velocity  of  9  m/s,  also  higher  than 
the  observed  value. 


The  strong  effects  of  the  Zeeman  and  Doppler  shifts  on 
the  acceleration  can  be  readily  understood  when  we  com¬ 
pare  the  magnitude  of  the  three  parts  of  the  frequency  de¬ 
tunings  in  Eq.  (3).  The  laser  red  detuning 
=  -23  MHz  is  fixed.  At  x  =  10  mm,  the  Zeeman  shift 
increases  to  5.7  MHz  with  a  magnetic  field  gradient  of  4.1 
G/cm  (under  the  approximation  of  a  constant  magnetic 
field  gradient).  Furthermore,  the  var3dng  Zeeman  shift 
appears  twice  in  the  differential  equation  of  Eq.  (6),  ap¬ 
proximately  doubling  its  effects.  On  the  other  hand,  the 
Cs  atoms  gain  a  Doppler  shift  of  8.7  MHz  at  a  velocity  of 
7.4  m/s,  which  is  not  negligible  compared  with  the  23- 
MHz  fixed  detuning.  In  Figure  6(b)-6(d)  we  compare  the 
calculated  Cs  beam  mean  velocities  with  the  measured 
values  with  good  agreements  between  the  theory  and  the 
experiment.  We  attribute  the  good  agreement  shown  in 
Fig.  6  to  the  fact  that  we  explicitly  took  into  account  the 
varying  Zeeman  and  Doppler  effects  in  the  acceleration 
region.  Our  theoretical  model  reveals  that  the  MOT 
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magnetic  field  affects  the  Cs  beam  acceleration  by  in¬ 
creasing  the  off-resonance  detunings  for  both  the  accel¬ 
eration  and  the  optical  repumping  laser.  In  fact,  the  cal¬ 
culated  velocity  dependence  has  a  much  smaller  changing 
rate  if  the  Zeeman  effect  is  not  considered  for  the  optical 
repumping  process.  It  is  straightforward  to  understand 
Fig.  6(b)  and  6(d)  where  the  Cs  beam  velocity  increases  as 
the  acceleration  laser  has  smaller  red  detuning  and 
higher  intensity. 


4.  CONCLUSIONS 

In  conclusion,  we  have  demonstrated  a  cold  Cs  atomic 
beam  produced  from  a  MOT  of  Cs  atoms.  We  have  mea¬ 
sured  the  Cs  atomic  beam  mean  velocity  to  be  7.3  m/s 
with  a  velocity  spread  of  1  m/s.  The  dependence  of  the 
atomic  beam  velocity  on  the  MOT  parameters  has  been 
experimentally  studied.  By  adjusting  the  MOT  param¬ 
eters,  we  are  able  to  tune  the  atomic  beam  velocity  in  a 
range  of  5-8.5  m/s  with  a  velocity  spread  of  1  m/s.  We 
have  also  developed  a  nonlinear  theoretical  model  of  the 
spontaneous  force  that  is  responsible  for  the  acceleration 
of  the  MOT-based  Cs  beam.  Our  calculation  reveals  that 
the  inhomogeneous  MOT  magnetic  field  and  the  varying 
Doppler  shift  in  the  acceleration  region  have  strong  ef¬ 
fects  on  the  atomic  beam  final  speed.  This  MOT-based 
cold  Cs  beam  is  being  used  to  develop  a  compact  Cs  beam 
atomic  clock.'^’’^’^'*  With  a  Ramsey  separated-field  micro- 
wave  cavity  of  20  cm  long  and  the  given  Cs  atomic  beam 
parameters,  we  estimate  that  the  atomic  clock  will  have 
an  Allen  standard  deviation  (r^(r)  =  1.8  X  10“^^T"^^(ris 
in  seconds)  for  the  short-time  frequency  stability  under 
the  shot-noise  approximation.^’®-^^”^^  Here  ris  the  aver¬ 
aging  time  used  to  measure  the  clock  frequency  stability. 
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LABORATORY  OPERATIONS 


The  Aerospace  Corporation  functions  as  an  “architect-engineer”  for  national  security  programs,  specializing  in 
advanced  military  space  systems.  The  Corporation's  Laboratory  Operations  supports  the  effective  and  timely 
development  and  operation  of  national  security  systems  through  scientific  research  and  the  application  of 
advanced  technology.  Vital  to  the  success  of  the  Corporation  is  the  technical  staffs  wide-ranging  expertise  and 
its  ability  to  stay  abreast  of  new  technological  developments  and  program  support  issues  associated  with  rapidly 
evolving  space  systems.  Contributing  capabilities  are  provided  by  these  individual  organizations: 

Electronics  and  Photonics  Laboratory:  Microelectronics,  VLSI  reliability,  failure  analysis, 
solid-state  device  physics,  compound  semiconductors,  radiation  effects,  infrared  and  CCD 
detector  devices,  data  storage  and  display  technologies;  lasers  and  electro-optics,  solid-state 
laser  design,  micro-optics,  optical  communications,  and  fiber-optic  sensors;  atomic  frequency 
standards,  applied  laser  spectroscopy,  laser  chemistry,  atmospheric  propagation  and  beam 
control,  LIDAR/LADAR  remote  sensing;  solar  cell  and  array  testing  and  evaluation,  battery 
electrochemistry,  battery  testing  and  evaluation. 

Space  Materials  Laboratory:  Evaluation  and  characterizations  of  new  materials  and 
processing  techniques:  metals,  alloys,  ceramics,  polymers,  thin  films,  and  composites; 
development  of  advanced  deposition  processes;  nondestractive  evaluation,  component  failure 
analysis  and  reliability;  structural  mechanics,  fracture  mechanics,  and  stress  corrosion;  analysis 
and  evaluation  of  materials  at  cryogenic  and  elevated  temperatures;  launch  vehicle  fluid 
mechanics,  heat  transfer  and  flight  dynamics;  aerothermodynamics;  chemical  and  electric 
propulsion;  environmental  chemistry;  combustion  processes;  space  environment  effects  on 
TT»at(»riak  hardening  and  vulnerability  assessment;  contamination,  thermal  and  stmctural 
control;  lubrication  and  surface  phenomena.  Microelectromechanical  systems  (MEMS)  for 
space  applications;  laser  micromachining;  laser-surface  physical  and  chemical  interactions; 
micropropulsion;  micro-  and  nanosatellite  mission  analysis;  intelligent  microinstruments  for 
monitoring  space  and  launch  system  environments. 

Space  Science  Applications  Laboratory:  Magnetospheric,  auroral  and  cosmic-ray  physics, 
wave-particle  interactions,  magnetospheric  plasma  waves;  atmospheric  and  ionospheric  physics, 
density  and  composition  of  the  upper  atmosphere,  remote  sensing  using  atmospheric  radiation; 
solar  physics,  infrared  astronomy,  infrared  signature  analysis;  infrared  surveillance,  imaging  and 
remote  sensing;  multispectral  and  hyperspectral  sensor  development;  data  analysis  and 
algorithm  development;  applications  of  multispectral  and  hyperspectral  imagery  to  defense,  civil 
space,  commercial,  and  environmental  missions;  effects  of  solar  activity,  magnetic  storms  and 
nuclear  explosions  on  the  Earth’s  atmosphere,  ionosphere  and  magnetosphere;  effects  of 
electromagnetic  and  particulate  radiations  on  space  systems;  space  instrumentation,  design, 
fabrication  and  test;  environmental  chemistry,  trace  detection;  atmospheric  chemical  reactions, 
atmospheric  optics,  light  scattering,  state-specific  chemical  reactions,  and  radiative  signatures  of 
missile  plumes. 


